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Abstract 
Many decisions, both conscious and unconscious, have to be made during a product development process. In reaching a decision, 
it is essential to take the consequences of the different alternatives into consideration. To assess preconditions and consequences 
of decisions, an actor network can be used. An actor network is a combination of interrelated entities, representing multiple 
individuals and/or organizations. By adding characteristics to these actors and their relation, aspects like supply chain and life 
cycle issues can be addressed.  
This publication describes the basic building blocks of an actor network from a generic and abstract viewpoint. From these 
essential building blocks, the construction of the overall actor network is described. Examples are used from the field of content-
packaging combinations, as well as aspects from life cycle assessments to illustrate the intended fundamental functionality. In the 
bigger picture, the use of the actor network in the context of product-packaging combinations aims at achieving lasting balance in 
product-packaging networks. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Effectuating a visionary term like sustainability in product 
and packaging development trajectories remains a challenging 
and problematic endeavor. While sustainability is strongly 
rooted in well-nigh every mission statement and its hype is 
gradually replaced by ‘new’ trends such as ‘circular economy’, 
the successful integration of life cycle aspects in the everyday 
practice of product-packaging development is nowhere near 
complete. The (first) experiences from industry indicate that 
many problems still need to be overcome. In essence these 
problems can be traced back to a lack of knowledge and 
experience with life cycle engineering and a lack of data and 
tools that adequately adhere to everyday practice.  
Many sustainability tools like guidelines, scorecards and 
principles are available and in use [1]. However, their 
corresponding scopes of application and the context of the 
outcomes is often overlooked, leading to misinterpretation and 
improper use of results [2].  
As a development trajectory progresses, the efforts needed 
to change the product concept increases rapidly. Consequently, 
within the early stages of such trajectories, the potential to 
efficiently and effectively influence the future (environmental) 
impact of the product(s) is the highest [3]. Since many existing 
life cycle assessments tools need detailed product information, 
these tools can only be employed in later stages of the design 
and development process. Consequently, the possibilities to 
efficiently decrease the environmental impact at these later 
stages of the design and development process are limited.  
Another problem of integrating sustainability is the relative 
high risk of sub-optimization, which seems to be caused by the 
misinterpreting of results acquired by the use of sustainability 
tools. To avoid sub-optimization, the consequences for the 
bigger picture, or the entire life cycle, need to be analyzed 
before making a decision. Deploying sustainability thus 
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presupposes the consideration of the complete intended life 
cycle of the product within the development cycle. 
Consequently, aspects of the life cycle that might be unclear, 
unknown or even undeveloped have to be taken into account at 
an early stage. For example, a well-intended decision to reduce 
the overall weight of a packaging by changing its material 
might lead to product spoilage during transport while 
simultaneously interfering with the conventional recycling 
process. As a decision often affects the unknown areas or 
aspects of the product life cycle, the consequences are not 
foreseen. This leads to insufficient solutions in which the 
different processes within the intended life cycle are not 
attuned. For a decision support approach that addresses 
sustainability to succeed, it must fit in the approach of a 
‘standard’ development process, because when push comes to 
shove, sustainability issues lose out on more direct issues like 
costs and consumer perception. Adequate decision support 
including the entire product life cycle is thus crucial in 
effectively integrating sustainability in product design and 
development. 
From a life cycle engineering perspective, the functionality 
to map the consequences of a decision throughout the 
(envisioned) life cycle of a product, would be a prerequisite for 
the tool to develop. The various possible solutions, their 
corresponding consequences and the inherent differences 
between these solutions aid in assessing the impact of a 
decision. Consequently, enabling the comparison of different 
scenarios using the generally limited available information and 
time is the main functionality of the tool. 
In the following paragraph the key problem areas of life 
cycle engineering within product development are elaborated 
followed by the approach for the decision support tool and a 
first translation of this approach into a prototype. 
2. Requirements from a life cycle perspective 
2.1 Model complex life cycles 
 
In principle a design decision might have influence 
anywhere in a life cycle. For instance, using a bio-degradable 
polymer as a packaging foil might have great potential in 
reducing the overall impact of a packaging, but only when the 
entire life cycle of both the packaging and the content is 
considered. With certain bio-degradable polymers, the 
potential improvements can only be met if their disposal is 
strictly separated from conventional polymers, using the 
current disposal systems might cause a situation in which the 
bio-degradable packaging are incinerated instead of natural 
decomposition, nullifying the intended advantage. 
Within such a development trajectory it is thus crucial to 
harmonize various parts of the life cycle, e.g. correctly 
informing the end-users and preventing the contamination of 
conventional polymer waste. Nevertheless, it can be very hard 
or even impossible to fathom the consequences of such 
scenarios. A clear depiction of those potentially complex life 
cycles is required.  
A product life cycle consist of different processes which are 
executed by different actors. All these processes have their own 
life cycle as well. Furthermore, in every process of a product 
life cycle, symbiotic products are used that have their own life 
cycles and processes, and so on. Although many sustainability 
enhancing tools cut off these higher order life cycles, it would 
be valuable to take these life cycles into account because a 
decision can have major consequences for these sub processes. 
Consequently, an appropriate tool should simplify the 
representation of complex life cycles without losing too much 
information. 
 
2.2 Adhere to various viewpoints 
 
Many different stakeholders are involved in both the 
development cycle and the life cycle of a product. The 
inevitable differences in working methods, background, 
knowledge and organization are potential impediments in 
facilitating unequivocal decision support throughout those life 
cycles. 
For instance, the level of detail in the various development 
trajectories can range from a coarsely-woven chain of decisions 
taken with ‘seven-league strides’, to a long-term engineering 
project of a specific compound used in a metal lid. In applying 
life cycle engineering, the relative importance of various 
aspects like social impacts or delivery times might also be 
different. Moreover, these aspects cannot always be determined 
on beforehand. Consequently, a tool supporting such a wide 
range of stakeholders and corresponding decision criteria 
should incorporate the needed flexibility. 
With the inevitable differences also comes a different 
development “language”. For the different actors involved in a 
product life cycle, the notion of the term product can differ. 
While a manufacturer of plated steel might consider the coils 
to be its final product, for the producer of the steel cans, these 
coils are a semi-manufactured article needed to produce their 
final product. These differences only grow when the relative 
‘distance’ of two stakeholders in the life cycle grows. 
Furthermore, these differences might have drastic 
consequences when interpreted in the wrong way. Therefore, a 
tool fostering the decision support for such an amalgamation of 
different stakeholders needs to adhere to these differences.  
 
2.3 Surmount the information paradox 
 
During the early stages of a design and development 
process, information about the life cycle is often missing or 
uncertain. In applying life cycle engineering, the need for 
additional information often becomes paradoxical: the needed 
information simply cannot be known because the decision, for 
which the additional information was needed in the first place, 
has not yet been made. Seemingly simple answers are to either 
estimate the consequences or to substitute the missing 
information with similar information from another product or 
life cycle that is already known. While these principle solutions 
are powerful mechanisms in decision making, assessing the 
corresponding context of the substitute information and the 
uncertainty of the estimated consequences is a crucial but often 
overlooked element. Without it, a clear distinction between the 
for a development trajectory specific information and other, 
‘general’ information cannot be made, obstructing the 
verification of that information and thus leading to an 
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ostensible sense of certainty in decision making. In order to
veraciously map scenarios, it is not only conditional to limit the
input to readily available information, it is also crucial to
incorporate the context and relative certainty of that
information.
3. Approach
The approach that is used in this research is aimed at being
complementary to existing life cycle engineering tools and
methods. In addressing the problems, it does not prescribe one
strict life cycle engineering view with do’s and don’ts but rather 
forms the framework to analyze a chosen perspective at the 
decisive moments in a development process. To allow for this
assessment, the so-called actor network approach is developed
[2]. It provides the needed insights in the consequences for a 
life cycle by means of the following core functionalities:
x It enables the modeling of complex life cycles in a network 
by using the available information.
x It allows for dynamic information structuring which can
depict both the status quo and future scenarios.
The actor network thus allows for concurrent decision 
support during the design and development of both the
packaging-content combination and their life cycles by
comparing scenarios and using the available information of 
(potential) life cycles that is included in the network.
3.1 Network based modeling of the product life cycle
Next to conventional product information, it is essential to
incorporate information about the (envisioned) realization 
processes and the corresponding organizations. As the overall
life cycle of any product encompasses several life cycles of its
parts, such a life cycle is not a linear chain or cycle but in fact 
an interconnected network of businesses and organizations, all 
adding some value to the product in focus [2]. To appropriately
depict such a complex network, an abstract modeling approach
based on the conceptual graph theory is employed [4]. The 
resulting network consist of actors that are involved in the
establishment of a product and relations between these actors.
Actors are therefore considered to be the individuals or 
organizations that add value to the corresponding product
through their business activities.
Using network based approaches has some advantages when
modeling life cycles. Network approaches have a well-
developed mathematical foundation which can be employed to
analyze a system. The combination of this mathematical
foundation with graphical representation possibilities allows
not only for adequate analysis, but also for communication
purposes [5, 6]. In using such an abstract simulation of the
involved life cycles, a functional common denominator can be
found to compare and combine various life cycles, 
organizations and products for instance.
3.2 Adding meaning 
To allow for a meaningful analysis of consequences of a 
decision, and to compare different scenarios, information is
needed about the products, actors and relations. Figure 1 shows
four actors and their relations. Both the actors and their 
relations have several aspects and values for these aspects
which makes them unique.
A collection of relevant aspects gives a blueprint for
characterizing a relation or an actor. Each aspect can be given 
a value, either quantitative or qualitative, representing the actor 
or relation under consideration. The fundamental difference
between an actor and a relation is reflected by the dependency
of aspects. Those of an actor are solely dependent on the actor 
whereas the aspects of a relation are dependent on both
connected actors. An example of an aspect related to an actor 
is location, the aspect related to the relation between two actors
can be transport distance.
3.3 Using the network in decision making
The information related to the actors and relations can be
employed to analyze important decision criteria. For example,
the environmental impact can be analyzed by deducting the
amount of material in combination with production methods 
and transport distances. The same holds true for other decision 
criteria like costs, quality, working conditions, image and so 
forth. The flexibility of the network approach allows for adding
and removing aspects which can be deducted from the network 
to analyze these criteria.
A distinction needs to be made between specific information 
used in development process and general information
stemming from other sources. Both are valuable and 
indispensable for decision making in develop processes,
however, only when treated within the right context. The actor 
network needs to take into account both. The result of 
analyzing an entire product life cycle does not give an exact 
number, but a comparison which takes the context and
preconditions into account. Generic information can also be
used when depicting actors for which the functionality is
already decided upon, but the specifics are not yet known. In 
the early stages of the development process, the realization
chain, or often called supply chain, is not transparent yet. In
depicting the actors that will be involved in the life cycle,
uncertainty remains an issue because not all actors are selected
yet. However, it is expected that creating an adequate overall 
network of actors that are essential in the development of the
product is possible with help from earlier experiences. When 
more specific depiction of the actors is available, this
information can easily be merged into the network since no
hierarchy is enforced.
Figure 1: Actors, relation and aspects
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provided information about the properties, an ontology of the
current information structure can be made at any time. This
way of a posteriori structuring ensures maximum flexibility
without losing too much information or violate the situation it 
captures. As such, it provides the framework that allows for 
meaningful access to the information, enabling the needed 
comparison of scenarios.
5. Prototype development
5.1 Aim 
As described in the introduction, it is important to analyze
the consequences of decisions in early stages of the design and
development of product (life cycles), because the larger part of 
the future impacts is defined in these stages. To determine
whether the approach described in this paper can meet this
fundamental need, the theory needs to be put to practice. A
prototype version of a decision-support tool is developed in
order to functionally test the approach with expert-users. The 
functions of the system that need to be tested lies in establishing
a meaningful connection between a mapping of a life cycle and
a company’s own (information) view on product development. 
In this proof of principle these basic functionalities are subject 
of evaluation.
5.2 Conceptual design of the system
Figure 4 shows a representation of the basic elements of the
system: the backend containing the database representing the
flexible information structure; and the frontend containing the
interface. The json-format is chosen as exchange type between
the server and the web-browser. The interface contains the 
preferred view on the information structure (in the prototype an
actor view) and a repository for the so-called conventional
product view that contains the available information of the
product under development. An elementary version of the
interface is shown in figure 5. It shows an actor network view
(1 in figure 5), which indicates the actors and relations between
actors involved in a product life cycle (section 3). Within this
view, the characteristics of the actors can be found (and edited)
by selecting the actor (2, 3 in figure 5). The corresponding 
product information is shown in the product view (4 in figure
5), which shows a commonly used design scene with (for 
example) a product hierarchy (5 in figure 5). This product view 
is the link between the product (from a certain perspective) and
its involved actors. The link between product related
information and the actor network is can be realized by the 
flexible setup of the information structure, a product-element
can thus be related to an involved actor.
5.3 How to use
In using the application, a clear starting point for developing
and using the actor network is always needed. This starting 
point is always present because the analysis is done by an actor,
Figure 5: Interface of the first prototype application (node titles not intended to be readable)
Figure 4: Conceptual design of the system
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thus from a certain perspective or view and for a certain case, 
which leads to the first practical boundaries. Adhering to this 
view, a temporary hierarchy can be made in the visualization 
of the actor network by selecting the actor including the 
corresponding life cycles from the information structure and 
visualize these actors and relations and the corresponding 
product in the interface as is illustrated in figure 5. A relevant 
and workable part of the actor network and corresponding 
product information can be employed in analyzing the 
consequences of decisions. An established scenario can be 
compared with a future scenario by adding or removing 
elements or changing the values of the elements. This can be 
done by changing information in either the actor view or the 
product view. By changing information in the product view, for 
example the amount of carton that is used for the milk carton, 
the consequences for the product can be found in the product 
view, and consequences for the involved actors in the life cycle 
can be found in the actor network view by means of highlighted 
nodes and edges (red dots), relevant information about multiple 
aspects can be found in an information pane. The weight of the 
carton board might for instance be linked with the transport 
phase of the life cycle in the actor view but also with the 
preservation function within the product view. Identifying 
these dependencies and interpreting the corresponding 
information will always be a responsibility of the user. 
Nevertheless, via the ontology and the various views, once a 
dependency is indicated, this can be used in all future scenarios 
in which the same type of elements play a role. As such, the 
system thus allows for case-based experience to be re-used 
without losing the relevant context. 
6.  Concluding remarks 
The chosen actor network approach for modeling life cycles 
seems to appropriately model and, more importantly, 
understandably model the life cycles involved in the 
development and realization processes of a product. In 
deploying the four types of relations deduced from the idef0 
methodology, a first characterization of actors can be made.  
In case of lacking specific information, ‘general’ 
information can be used which is retrieved from the database 
using the current ontology. This general information not only 
helps in efficiently model the life cycle, it also helps in 
identifying white spots in the life cycle for which no project 
specific information is yet available. In that case, the ‘general’ 
information can also be used for analyzing purposes until more 
specific information can be added. Based on the ontology of 
the network, the information of already existing actors can 
serve as a template for future, comparable actors, employing 
the utilization of general information. 
As described in section 2, actors have different views 
regarding the life cycle. Furthermore, organizations have 
different attitudes towards the decision making caused by 
differences in working methods, backgrounds, organization, 
product types, or consumer preferences.. These different views 
have to be included in the actor network application and are the 
main driver for the flexible setup of the information structure. 
This structure is not hierarchic, as most file systems often are, 
but autorarchic. In theory, any hierarchy can be temporarily 
retrieved from the network, providing users meaningful access 
to the information based on e.g. their viewpoint and the case at 
hand. This autorarchic structure prevents any hierarchy in 
becoming dominant in the structure and ensures the resilience 
needed for future changes. 
7. Future work  
As the basics of the approach are now established, in-depth 
testing with expert-users is the logical first step. Furthermore 
the details can be elaborated. Three important aspects in this 
regard are the incorporation of conceptual graph algorithms 
and mathematical approaches, the visualization of information 
stemming from the network and the integration with existing 
life cycle engineering tools. In using the before mentioned 
general information, obviously the probability of any 
conclusion is lower than when using more specific and 
presumably more reliable information. Incorporating for 
instance Bayesian statistical approaches can help in assessing 
both the probability and reliability of the information. The 
visualization shown in section 5 is a first example of the actor 
network tool which is used for functional testing of the tool 
amongst expert users. However, in future, every product 
developer but also other employees who are making decisions 
must be able to use the actor network tool. For such purposes a 
direct visualization of the network structure might not be the 
appropriate form In order to allow for meaningful access for all 
future users, research is needed on the variety of different users 
and requirements regarding the interface. As the tool aims at 
being complementary to already existing life cycle engineering 
tools, a connection with these tools is a logical next step. For 
instance, an integration with datasheets used in Life Cycle 
Analyses, can aid users in setting up the inventory needed for a 
life cycle assessment. 
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